Poly(ADP-ribose) polymerase-1 (PARP-1; EC 2.4.2.30) is an abundant nuclear enzyme, activated by DNA strand breaks to attach up to 200 ADP-ribose groups to nuclear proteins. As retroviral infection requires integrase-catalyzed DNA strand breaks, we examined infection of pseudotyped HIV type I in fibroblasts from mice with a targeted deletion of PARP-1. Viral infection is almost totally abolished in PARP-1 knockout fibroblasts. This protection from infection reflects prevention of viral integration into the host genome. These findings suggest a potential for PARP inhibitors in therapy of HIV type I infection.
Poly(ADP-ribose) polymerase-1 (PARP-1; EC 2.4.2.30) is an abundant nuclear enzyme, activated by DNA strand breaks to attach up to 200 ADP-ribose groups to nuclear proteins. As retroviral infection requires integrase-catalyzed DNA strand breaks, we examined infection of pseudotyped HIV type I in fibroblasts from mice with a targeted deletion of PARP-1. Viral infection is almost totally abolished in PARP-1 knockout fibroblasts. This protection from infection reflects prevention of viral integration into the host genome. These findings suggest a potential for PARP inhibitors in therapy of HIV type I infection. P roductive infection by the HIV type I (HIV-1) requires efficient integration of the viral genome into the host DNA (1-3). After HIV-1 enters susceptible host cells, the viral enzyme reverse transcriptase synthesizes a double-stranded DNA copy from the genomic HIV-1 RNA. The resulting HIV-1 DNA exists as part of a large preintegration complex. After nuclear entry of the preintegration complex, the HIV-1 DNA integrates into a host chromosome. The virion-associated viral enzyme integrase (IN) associates with the ends of the linear double-stranded viral DNA and catalyzes integration processes. At each end of the linear viral DNA molecule, IN removes two terminal 3Ј nucleotides, exposing recessed 3Ј hydroxyl groups. IN then catalyzes a nucleophilic attack of the recessed 3Ј hydroxyl groups on phosphodiester bonds in each target cellular DNA strand. Each strand of the viral DNA becomes joined to cellular DNA, leaving a four-to six-base gap and a two-base mismatch at the end. Gap repair provides four to six base duplications of the target DNA at each host-virus DNA junction, completing formation of an integrated provirus. DNA-binding proteins have been proposed to accomplish the gap repair. On integration, the proviral DNA is maintained as part of the host genome, allowing productive infection.
Poly(ADP-ribose) polymerase-1 (PARP-1; EC 2.4.2.30) is a predominantly nuclear enzyme that occurs in several isoforms derived from distinct genes (for reviews, see refs. 4 and 5). PARP-1 has been implicated in the DNA repair process and thus might be a candidate to participate in HIV viral integration, especially because PARP-1 activation is initiated by DNA strand breaks (6, 7) . PARP-1 catalyzes the attachment of branched chains of up to 200 ADP-ribose units to nuclear proteins, including PARP-1 itself. PARP-1 contains a DNA-binding domain with two zinc fingers that attach to DNA strand breaks. PARP-1 uses ␤-nicotinamide adenine dinucleotide (NAD ϩ ) as its substrate. Because PARP-1 is an abundant enzyme (2% of nuclear protein) and has a high turnover number, its activation can deplete cellular NAD ϩ levels (8) (9) (10) . Cellular perturbations that lead to necrosis cause such ''overactivation,'' leading to NAD ϩ depletion. In efforts to resynthesize NAD ϩ , ATP is depleted, and cells die from energy deficit (11, 12) . The development of mice with targeted deletion of PARP-1, the major form of PARP in tissues, has clarified biological functions of PARP-1 (13) (14) (15) . PARP-1 knockout (PARP-1 Ϫ/Ϫ ) mice are dramatically protected from tissue damage associated with vascular stroke (16, 17) , myocardial ischemia (18) , and pancreatic damage elicited by diabetes-inducing toxins (15, 19, 20) . A role for PARP-1 in DNA repair processes is indicated by abnormalities in sister chromatid exchange in PARP-1 Ϫ/Ϫ tissues (21, 22) .
A role for PARP-1 in viral infection is suggested by findings that benzamide derivatives and benzopyrone analogues that inhibit PARP diminish retroviral infection in some (23) (24) (25) but not other studies (26) . Antisense and dominant-negative constructs also diminish retroviral infection of cells (23) . Benzamide derivatives are weak inhibitors of PARP, acting in the millimolar range, and can exert toxic effects of their own (27) (28) (29) . Overexpression of antisense and dominant-negative constructs may produce nonspecific effects (for reviews, see refs. 30 and 31). To clarify the role of PARP-1 in retroviral integration, we have examined HIV-1 integration in cells from PARP-1 Ϫ/Ϫ mice. We demonstrate a profound reduction of infection in PARP-1 Ϫ/Ϫ fibroblasts and show that this stems from an inhibition of viral integration. MEFs within a given experiment.
Materials and Methods
Virus Production and Infection. HIV-1 infection of mouse cells was examined by using a replication-defective HIV-1 vector in which the env gene was disrupted. Pseudotyping with vesicular stomatitis virus protein was done essentially as described by Reiser and colleagues (32, 33) . The HIV-1 vector was constructed from the reference NL4-3 proviral clone by removing the env sequence between the KpnI and NheI sites and inserting in frame a modified form of enhanced green fluorescent protein (EGFP) with a carboxyl-terminal KDEL sequence followed by a stop codon. Detailed characterization of this vector will be presented elsewhere (Y.Z. and R. F. Siliciano, unpublished data). In brief, Env plasmid DNA and HIV-EGFP⌬E vector plasmid DNA were cotransfected into subconfluent human embryonic kidney 293T cells in T150 flasks by Lipofectamine 2000 (Life Technologies, Rockville, MD). The medium was replaced 12-14 h later. Virus stocks were harvested 60-65 h posttransfection, filtered through a 0.22-m pore-size filter, and concentrated by ultracentrifugation at 60,000 ϫ g for 1.7 h to Ϸ5 ϫ 10 7 infectious units͞ml. The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact.
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Concentrated virus was aliquoted and subsequently frozen at Ϫ80°C. Jurkat cells were infected with serially diluted virus for 48 h. Infected cells were analyzed by fluorescence-activated cell sorter (FACS) to determine the titer of virus. MEFs were split into six-well plates the day before infection to give approximately 50% confluence at the time of infection. Infections were performed with virus stock at a multiplicity of infection Ϸ1 in a total of 0.5 ml of DMEM. After 6 h at 37°C, 1.5 ml of DMEM was added, and the plates were incubated at 37°C for an additional 42 h. To analyze 72-and 120-h infections, MEFs were respectively split at 48 and 96 h.
Flow Cytometry. MEFs for FACS were detached from the plate by using trypsin-EDTA (0.05% and 0.53 mM), washed twice with 1ϫ PBS, and resuspended in 4% paraformaldehyde for 30 min on ice. After washing with 1ϫ PBS, MEFs were subjected to FACS analysis, and MEFs expressing EGFP were quantitated by CELLQUEST software (BD Immunocytometry Systems, San Jose, CA).
Assay for Integrated HIV-1. HIV-1 integration assay was performed as described, with some modifications (34) . Genomic DNA was isolated from MEFs infected with or without HIV-EGFP⌬E for 48 h. All samples were diluted to the same final concentration. The region of the junction between repeat elements in the cellular DNA and the 5Ј end of the integrated proviral DNA was amplified by using a B2, a mouse repeating genomic sequence (GenBank accession no. AF115851) PCR strategy with the second nested PCR. In the second nested PCR, the 25-cycle B2 PCR products were used as a template to amplify the integrated HIV-1 incrementally from 21 to 32 PCR cycles. PCR products were analyzed by gel electrophoresis (GAPDH) and Southern hybridization (HIV-1). The nucleotide sequences of the oligonucleotide primers used for HIV-1 DNA detection were derived from the nucleotide sequence of HIV-1 JR-CSF (35) . The nucleotide sequences of B2 were 5Ј-TTCACAACTCTCG-GTGGATGGTGG-3Ј. Primers for the first PCR were B2 and M661. The second nested PCR primers were M667 and AA55, targeted toward the long terminal repeat (LTR) sequence, amplifying a 140-bp product. The sequences of oligonucleotides used for probe were 5Ј-GTGCTTCAAGTAGTGTGTGCCC-3Ј. The sequences of oligonucleotides used to amplify a region of GAPDH were 5Ј-AGTCTGATATCGCGGCCGCATGGT-GAAGGTCGGTGTG-3Ј and 5Ј-TGCCGTTGAATTTGC-CGTGAG-3Ј.
Assay for HIV-1 Entry. HIV-1 entry assay was performed as described, with some modifications (36) . Genomic DNA was isolated from MEFs infected with or without HIV-EGFP⌬E for 2 h. A virus stock was treated with DNase for 1 h to remove the possible contamination of viral-associated DNA before infection. All samples were diluted to the same final concentration. The amplified product resulting from the M667͞M661 oligonucleotide pair was a 200-bp fragment. A pair of oligonucleotide primers complementary to the mouse GAPDH gene was used in some PCR analyses to normalize the total amount of cellular DNA present. The amplified product resulting in the 200-bp fragment was analyzed by electrophoresis on 2% agarose gels.
Results

Lack of HIV-1 Expression in PARP-1 ؊/؊ MEFs Infected with HIV-EGFP⌬E.
To examine the role of PARP-1 in HIV-1 infection, we used continuous lines of fibroblasts derived from PARP-1 ϩ/ϩ and PARP-1 Ϫ/Ϫ mice. HIV-1 selectively infects human cells expressing CD4 ϩ and appropriate coreceptors and will not infect mouse cells under normal circumstances. Therefore, we used a pseudotyped replication-defective HIV vector in which HIV-1 particles were pseudotyped with a vesicular stomatitis virus envelope glycoprotein. The pseudotyped virus has a broad host range, permitting the entry of HIV-1 into most mammalian as well as nonmammalian cells (37) . To monitor HIV-1 infection, the envelope protein of HIV-1 was replaced with EGFP (HIV-EGFP⌬E), disabling replication and permitting FACS analysis to study the requirements of HIV-1 integration and infection. EGFP was expressed only after the vector retrotranscribes and integrates its genome into the host chromosome. We exposed fibroblasts to pseudotyped HIV-EGFP⌬E at a multiplicity of infection of Ϸ1. After 48 h of exposure, about 93% of PARP-1 ϩ/ϩ fibroblasts were infected (Fig. 1) . By contrast, PARP-1 Ϫ/Ϫ fibroblasts were almost completely protected from infection, with only about 4% of fibroblasts with HIV-1 gene expression.
To determine whether the absence of PARP-1 abolishes HIV-1 infection or merely causes a delay, we examined multiple time points (Fig. 2A) . We confirmed the differences in infection between PARP-1 ϩ/ϩ and PARP-1 (Fig. 2B) . Accordingly, infection was severely reduced and not merely delayed in the absence of PARP-1. The three principal processes involved in determining infection are viral entry into cells, viral integration into the host genome, and transcription of HIV-1 genome products. To differentiate among these processes, we developed an assay to monitor viral integration (Fig. 3A) . We used a mouse form of a repeating genomic sequence, designated B2, which was analogous to the human Alu sequence (38, 39) . We conducted B2 PCR, by using B2 and HIV primers, which selectively and unambiguously amplified the integrated form of HIV-1. Subsequently, we conducted a second nested PCR by using M667 and AA55 primers to permit amplification of a portion of the LTR region of HIV-1. We also used an incremental PCR, ranging from 21 to 32 cycles, to ensure detection of integrated HIV-1 quantitatively without overamplification. We observed amplified HIV-1 DNA in a PCR-cycle-dependent manner in PARP-1 ϩ/ϩ fibroblasts (Fig. 3B) . Virtually no HIV-1 integration occurred in PARP-1 Ϫ/Ϫ fibroblasts. At 29 and 30 cycles, some signal was evident for PARP-1 Ϫ/Ϫ cells, which might represent amplification of unintegrated form by the second PCR. As a control, we evaluated genomic GAPDH DNA. At 25 PCR cycles, the product of PCR was identical in PARP-1 ϩ/ϩ and PARP-1 Ϫ/Ϫ cells (Fig. 3C) , indicating that the total amount of cellular DNA used for PCR amplification was the same. MEFs and in the water-control PCR (Fig. 4A) . Also, at 20 PCR cycles, GAPDH DNA was equally amplified (Fig. 4B) , indicating equal amounts of cellular DNA in PCR samples. Thus, we observed no difference in viral entry between PARP-1 ϩ/ϩ and PARP-1 Ϫ/Ϫ fibroblasts. Accordingly, we concluded that PARP-1 was selectively required for HIV-1 viral integration into the host genome. DNA was isolated from infected cells and amplified by PCR with the B2 and M661 primers. By using the first B2 PCR product as a template, the second nested PCR amplification was performed to detect the portion of the LTR region of HIV-1 DNA. Amplified products resulting from the PCR were analyzed by Southern analysis with internal probes. (B) Quantitative analysis of integration of HIV-1 in infected MEFs with HIV-EGFP⌬E. Both PARP-1 ϩ/ϩ (W) and PARP-1 Ϫ/Ϫ (K) MEFs were infected for 48 h, after which time DNA was isolated. After 25 cycles of B2 PCR to detect integrated HIV-1 DNA, the second nested PCR was performed to focus selectively on the LTR region of HIV-1 DNA. To detect integrated HIV-1 sequence quantitatively without overamplification, the second nested PCR was amplified incrementally from 21 to 32 cycles (deleting cycle 31). The first two lanes with 32 PCR cycles constituted the water control in PARP-1 ϩ/ϩ and PARP-1 Ϫ/Ϫ MEFs. In PARP-1 ϩ/ϩ fibroblasts, HIV-1 DNA was amplified in a PCR-cycle-dependent manner. There was virtually complete absence of HIV-1 integration in PARP-1 Ϫ/Ϫ fibroblasts. At 29 and 30 cycles, some signal was evident for PARP-1 Ϫ/Ϫ cells. The odd-numbered lanes represent PARP-1 ϩ/ϩ MEFs, and the even-numbered lanes are PARP-1 Ϫ/Ϫ MEFs. (C) The same sample was also amplified for 25 PCR cycles to detect GAPDH, normalizing for total cellular DNA. At 25 PCR cycles, the product of PCR was identical in PARP-1 ϩ/ϩ and PARP-1 Ϫ/Ϫ cells, indicating that the total amount of cellular DNA used for PCR amplification was the same.
Discussion
The principal finding of this study is that targeted deletion of PARP-1 in mouse fibroblasts abolishes infection by pseudotyped HIV-1 vector and does this by preventing viral integration. IN catalyzes a nucleophilic attack of the recessed 3Ј hydroxyl groups to phosphodiester bonds on each target cellular DNA strand. Each strand of the viral DNA becomes joined to cellular DNA, leaving a four-to six-base gap and a two-base mismatch at the end. Cellular DNA-binding proteins have been proposed to accomplish the gap repair. DNAdependent protein kinase has been implicated as a host factor that completes retroviral integration (40) . Reduced infection with massive cell death is observed in infected cell lines defective in the catalytic subunit of DNA-dependent protein kinase. At low viral titers, these cell lines are susceptible to infection, suggesting that DNA-dependent protein kinase is not critical for viral integration but somehow protects against cellular toxicity induced by high viral titers (26) . Our findings establish that PARP-1 is required for the integration pathway.
How does PARP-1 regulate HIV-1 integration? An abundant nuclear enzyme PARP-1 contains two zinc fingers that attach to the end of DNA strand breaks. On the basis of the known actions of PARP-1, it might bind the four-to six-base gap produced by the IN leading to PARP-1 activation. Activated PARP-1 synthesizes poly(ADP-ribose), which modifies histones, resulting in chromatin relaxation or decondensation. PARP-1 itself is also modified by poly(ADP-ribose), leading to its dissociation from the gap. These processes may mediate repair of the gap by facilitating access of the repair enzymes to the gap sites, allowing completion of the integration process. This resolution yields four to six base duplications of the target DNA at each end of the host-virus DNA junctions, completing the formation of an integrated provirus (Fig. 5) .
Our observations that PARP-1 is required for HIV-1 infection are supported by the ability of PARP antisense and dominant- This strand-transfer reaction leaves a four-to six-base gap. PARP-1 recognizes and binds this gap through its two zinc fingers, leading to activation of PARP-1. Activated PARP-1 synthesizes poly(ADP-ribose). Modification of histones by poly(ADP-ribose) leads to chromatin decondensation. Autopoly(ADP-ribosyl)ation of PARP-1 leads to its dissociation from the gap. These processes may then repair the gap by facilitating access of the repair enzymes to the gap site. Without PARP-1, this gap is not resolved, leading to nonproductive infection. It is also possible that PARP-1 is involved in the initial integration reaction, as suggested by the B2 PCR results. N and C stand for the amino-and carboxyl-terminal domains of PARP-1, respectively. negative constructs to block retroviral infection (23) . In studies of PARP inhibitors, some benzamide derivatives and benzopyrone analogues block retroviral replication (23) (24) (25) , but one benzamide derivative fails to inhibit lentivirus vector-mediated transduction or HIV-1 replication (26) . In our preliminary experiments, the effects of PARP inhibitors on HIV replication are inconclusive. These inconclusive effects of PARP inhibitors may indicate that viral integration requires only minimal PARP activity, so that prevention of viral infection demands virtually complete inhibition of enzyme activity.
PARP-1 may also affect HIV-1 transcription. However, we could not directly evaluate this possibility, as PARP-1 deletion abolishes integration, precluding an analysis of transcriptional activity. A possible interaction of PARP-1 and HIV-1 transcription might involve NF-B, which enhances transcriptional activity by binding to the LTR of HIV-1 (41, 42). Transcription of NF-B is markedly reduced in PARP-1 Ϫ/Ϫ fibroblasts (43, 44) . PARP-1 could increase HIV-1 transcription by facilitating actions of NF-B (45, 46) . Additional evidence suggesting a role of PARP-1 in transcription comes from studies demonstrating a coactivator role for PARP-1 in regulating transcription of the HTLV-1 TAX protein (47) . Another link of PARP-1 to HIV-1 transcription involves Tat, an HIV-1-encoded transcriptional activator that is essential for viral replication (48, 49) . PARP-1 can ADP-ribosylate the Tat protein in vitro (45) .
Might the requirement of PARP-1 for HIV-1 integration have therapeutic consequences? Drugs that inhibit HIV-1 IN prevent HIV-1 infection in cells (50) . The dramatic reduction of HIV-1 infection in PARP-1
Ϫ/Ϫ
MEFs suggests that PARP-1 may also be a therapeutic target. Recently, potent and selective inhibitors of PARP-1 have been developed (for review, see ref. 51 ). These agents inhibit PARP activity in intact mammals and are therapeutic in animal models of stroke (16, 17) , myocardial infarction (18) , diabetes (15, 19, 20) , sepsis (44, 52) , and inflammation (for review, see ref. 53 ). Such PARP inhibitors may prove useful in the treatment of HIV-1 infection.
